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Introduction 24 25
Comparative analyses of present day human genomes and paleogenomes led to the 26 proposal that Neandertals contributed to the modern makeup of the human genome (Green et 27 al., 2010; Ko, 2016; Prüfer et al., 2014; Simonti et al., 2016) . The current interpretation of 28 genomic signatures is that Neandertal contributions are different in European, East Asian and 29 African lines of descent, with a higher frequency of Neandertal segments in Asians and 30 Europeans and lower frequencies in Africans (Green et al., 2010) . Intercrosses between 31 Neandertals and ancient Homo sapiens lineages, or archaic Anatomically Modern Humans 32 (AMH) who migrated from Africa into the Middle East and Europe in the last 50,000 years 33 might explain the presence of Neandertal signatures in extant human genomes (Prüfer et al., 34 2014; Simonti et al., 2016) . The spatio-temporal overlap of Neandertals and AMH is 35 estimated to be approximately 22,000 years since the first AMH arrived in Europe around 36 50,000 years ago and the last Neandertal remains (in Spain) date back to 28,000 years 37 (Gibbons, 2010; Higham et al., 2014) . 38 39 Although there is evidence for Neandertal contributions to the modern nuclear genome, it 40 has been proposed that there is no Neandertal contribution to contemporary human 41 mitochondrial genomes (mitogenomes) (Serre et al., 2004) . Because of mitogenome 42 matrilineal inheritance this implies that the intercrosses occurred exclusively between 43 Neandertal males and AMH females or that crosses between AMH males and Neandertal 44 females were extremely rare. Another possibility is that crosses between AMH males and day human populations. 1 To address this problem we searched for mitochondrial single nucleotide variants 2 (SNVs), or signatures, in contemporary human mitogenomes that were also present in 3 Neandertals but not in archaic AMH mitogenomes. For this we selected archaic AMH 4 samples with approximately the same age as Neandertal mitogenomes, thus representing, in 5 theory, an archaic AMH ensemble that could have overlapped with Neandertals in Europe, 6 Middle East and Central Asia. This also might alleviate the effect of homoplasies because 7 Neanderthal and archaic AMH sequences have approximately the same age. (Table 1) , 9 Homo sapiens neanderthalensis (Table 1 ) and 52 contemporary 15 Homo sapiens sapiens with representatives of the major worldwide mitochondrial haplogoups 16 (table S1). This alignment contained the revised Cambrige Reference Sequence (rCRS) used 17 as numbering reference for all polymorphisms identified (Andrews et al., 1999) . We found 66 18 positions in which contemporary Homo sapiens sapiens were identical with at least one Homo 19 sapiens neanderthalensis sequence position (Fig 1, data files S1 and S2). In 13 positions just 20 a subset of contemporary Homo sapiens sapiens were identical with at least one Homo 21 sapiens neanderthalensis sequence position and at least one sequence of archaic AMH. In 175 22 positions Homo sapiens neanderthalensis differed from contemporary Homo sapiens sapiens 23 and archaic AMH. In 11 positions the archaic AMH differed from other sequences and in 653 24 positions the contemporary Homo sapiens sapiens presented expected variants among 25 haplogroups that were not relevant for this analysis. The total variants are detailed in data S1. 26 27 To depict the distribution of Neandertal SNVs, or N-SNVs, in different human 28 mitochondrial haplogroups, we constructed a heat map of N-SNVs (Fig. 2 ). Most N-SNVs are 29 concentrated in the D-loop, followed by 12SrDNA and 16SrDNA. Among tRNAs N-SNVs 30 were found only in isoleucine, asparagine and cysteine tRNAs. In COX2 only one N-SNV 31 was found in haplogroup R0a.
33
Of the 66 N-SNVs identified, 20 are common to modern African and Eurasian 34 haplogroups, 25 are exclusive to African haplogroups and 21 are exclusive to Eurasian 35 haplogroups. In Fig. 3 the distribution of N-SNVs is depicted in the human mitogenome map. The distribution of N-SNVs in modern haplogroups and archaic AMH can be 40 summarized as six introgression routes with predicted consequences (Fig. 4 ). In hypothesis 41 (1) SNVs conserved between Neandertals, archaic AMH and present day humans should be 42 observed in all sequences; in (2) if the introgression crosses occurred between Neandertals 43 and archaic AMH prior to divergence that separated archaic AMH from lineages of African 44 and Eurasian haplogroups it is expected that N-SNVs would be present in all sequences, as 45 observed for 13 N-SNVs. In (3) the crosses would have occurred only with archaic AMH 46 who did not contribute to present day haplogroups while hypotheses (4), (5) and (6) would represent crosses between Neandertals and lineages who contributed to present day 48 haplogroups. The 66 N-SNVs are consistent with these hypotheses, which exclude their 1 presence in archaic AMH and thus are likely signals of crosses between these two human 2 subspecies. More importantly no SNVs are identical between Neandertals and archaic AMH 3 at the exclusion of present day mitogenomes of either African and Eurasian haplogroups 4 which suggests that the presence of N-SNVs must be a signal of horizontal transfer or a very 5 high number of reverse/convergent substitutions. 6 7 Disease associated N-SNVs 8 Among the 66 N-SNVs, 7 are associated with diseases as depicted in Table 2 . Of note 4 9 of these disease associated N-SNVs were observed in African haplogroups (L0, L1, L2, L3, 10 L4, L5 and L6) and 3 were observed exclusively in Eurasian haplogroups. The most common 11 diseases associated with N-SNVs are neurological disorders and tumors. One N-SNVs, in 12 position 15,043 and associated with depression, was also found in one archaic AMH. 13 Although not considered a bona fide N-SNV based on our exclusion criteria, it is relevant 14 because chronic depression has been associated with Neandertal introgression (Racimo et al., 15 2017). Among protein coding genes an important N-SNV was found in ND2 (position 5,460) 16 causing an amino acid change from alanine to threonine that has been associated with 17 Alzheimers' and Parkinsons' diseases due to its high prevalence in the brains of Alzheimers' 18 and Parkinsons' patients (Lin et al., 1992; Petruzzella et al., 1992; Schnopp et al., 1996) . This 19 amino acid substitution changes a nonpolar amino acid to a polar amino acid, which promotes 20 destabilizing effects in the encoded NADH dehydrogenase. Nonpolar to polar amino acid 21 changes are associated with amyloid diseases (Alvares et al., 2013; Podoly et al., 2010; 22 Volkenstein, 1965). Other disease associated N-SNVs are located in the D-loop, 16S rRNA 23 and tRNA-Cys ( Our observations suggest that crosses between AMH males and Neandertal females left 46 significantly less descendants than the reverse crosses (Neandertal males and AMH females), 47 which seems to be the dominant pattern. Although it has been generally accepted that 48 recombination does not occur in the human mitochondrial genome, evidence of mitochondrial recombination has been reported (Kraytsberg et al., 2004; Schwartz and Vissing, 2002) . A 1 scenario with complete absence of recombination presents a problem to explain how the 2 human mitochondrial genome would escape the Miller ratchet and therefore avoiding its 3 predicted "genetic meltdown" (Felsenstein, 1974) . It has been shown that even minimal 4 recombination is sufficient to allow the escape from the Miller ratchet (Dokianakis and 5 Ladoukakis, 2014) and this could be the case of the human mitochondrial genome. were determined as positions that were identical between present day sequences and 40 Neandertal sequences at the exclusion of archaic AMH.
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